Introduction: Diverse bone pathologies are observed in patients with psoriatic arthritis (PsA). Uncoupling of bone remodeling with disordered osteoclastogenesis has been implicated in the pathogenesis of PsA. The aim of this study was to examine the role of soluble mediators of bone remodeling within the circulation of patients with PsA.
Introduction
Psoriatic arthritis (PsA) is an inflammatory arthritis with a number of characteristic clinical features [1] . PsA is typically associated with psoriasis and psoriatic nail disease and has both peripheral articular manifestations (including synovitis, dactylitis, and enthesitis) and axial skeletal involvement. A range of bone pathologies is observed in patients with PsA [2] . Bone loss can occur, either locally in the form of bone erosion and osteolysis affecting the peripheral joints, or systemically with loss of skeletal bone mineral density (BMD) [3] . Aberrant bone formation may also occur, including peripheral juxtaarticular new bone formation, ankylosis, and syndesmophyte formation. These different bone pathologies may be observed in the same patient [4] .
Bone is a metabolically active tissue that is capable of constantly remodeling in a highly coordinated manner (reviewed in [5] ). Two main cell types are involved in bone remodeling: osteoclasts that resorb mineralized bone and osteoblasts that are responsible for new bone formation. Osteoclasts can be matured in vitro by culture of monocyte/macrophage precursors in the presence of macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor-B ligand (RANKL) [6, 7] . Osteoprotegerin (OPG) is a further mediator of bone remodeling, acting as a decoy receptor that prevents RANKL binding to its receptor RANK, thus inhibiting osteoclastogenesis [7] . When cultured on bone, osteoclasts derived in vitro excavate resorptive pits that are similar to the structures formed when osteoclasts degrade bone in vivo. These cells also express proteins that typify the osteoclast lineage, including tartrate-resistant acid phosphatase (TRAP). Additional soluble factors also influence bone remodeling; recent work has demonstrated that Dickkopf (Dkk-1), an inhibitor of Wnt signaling, inhibits osteoblast differentiation and function and promotes osteoclastogenesis through suppression of OPG [8] [9] [10] [11] .
RANKL-mediated osteoclastogenesis has been implicated in the pathogenesis of bone resorption in PsA [12] [13] [14] [15] . In patients with PsA, osteoclasts are present at sites of bone erosion, and osteoclasts cultured in vitro from peripheral blood precursors exhibit increased resorptive activity compared with those from healthy controls [12] . Erosive disease is also associated with high numbers of circulating cells expressing CD14 and CD11b [12] . Intense RANKL expression has been demonstrated within the lining layer in the PsA joint, with more restricted sublining layer OPG expression, implicating imbalance in the RANKL/OPG axis that, in turn, may promote osteoclastogenesis [12] . However, the factors regulating the various manifestations of bone disease in PsA remain uncertain.
The aim of this study was to examine the role of soluble mediators of bone remodeling in the circulation of patients with PsA. Here, we focused on four soluble mediators that have been definitively implicated in bone remodeling in models of inflammatory arthritis; Dkk-1, M-CSF, RANKL, and OPG [11, [16] [17] [18] [19] . In particular, we wished to determine the relations between these mediators and patterns of bone pathology in PsA.
Materials and methods

Patients and clinical assessments
This study was approved by the New Zealand Multiregion Ethics Committee, and all patients provided written informed consent. Thirty-eight patients with PsA were recruited from rheumatology clinics in the Auckland, Rotorua, and Wellington regions of New Zealand. All patients with PsA met the Classification of Psoriatic Arthritis (CASPAR) criteria for PsA [1] . In addition, two control groups were studied; patients with psoriasis (confirmed by a dermatologist) but no arthritis (n = 10), and healthy volunteers with no psoriasis or arthritis (n = 12). Psoriasis control and healthy control participants had no previous diagnosis of arthritis and no evidence of synovitis, enthesitis, joint deformity, or spinal limitation on physical examination at the time of recruitment.
Clinical assessments, radiographs, and blood samples were completed at a single study visit. All participants, including healthy control and psoriasis control participants, had collection of demographic data, recording of relevant medical history and medications, and serum measured for soluble mediators of bone remodeling and C-reactive protein. Severity of psoriasis was assessed in patients with psoriasis and PsA by using the Psoriasis Area and Severity Index (PASI) [20] , and psoriatic nail disease was assessed by using the Psoriasis Nail Severity Score (PNSS) [21] . Patients with PsA also had further investigations, including assessment of arthritis disease activity by using the disease activity score (DAS)28-CRP, bone densitometry, plain radiographs of the hands, feet, and sacroiliac joints, and assessment of peripheral blood osteoclast precursors.
Radiographic assessments
Plain radiographs of the hands, feet, and sacroiliac joints were obtained at the study visit. Plain radiographs of the hands and feet were scored for erosions and joint-space narrowing according to the Sharp van der Heijde score modified for use in PsA [22] , by a rheumatologist (ND) with experience in this scoring system. Patients with at least one erosion on hand and foot radiographs were considered erosive for the purposes of the analysis. The number of joints with new bone formation was recorded by using the CASPAR definition: radiographic evidence of juxtaarticular new bone formation appearing as illdefined ossification near joint margins (but excluding osteophyte formation) on plain radiographs of the hand or foot [1] . The number of joints in the hands and feet with pencil-in-cup deformities was also recorded to allow a quantitative assessment of the presence and extent of osteolysis. Sacroiliitis was scored as present or absent by a radiologist, according to the New York criteria for sacroiliitis in ankylosing spondylitis. Proximal femur BMD was measured by using a Prodigy dualenergy x-ray absorptiometer (DEXA) (GE-Lunar, Madison, WI). All radiographic scoring and measurement were completed by readers who were blinded to the clinical and laboratory findings.
Testing of soluble mediators of bone remodelling
Blood was obtained at the study visit, and serum was separated within 3 hours of collection. Serum was separated into at least four aliquots to avoid repeated freezethaw cycles and was stored at -20°C until testing. Serum was analyzed for soluble mediators of bone remodeling with enzyme-linked immunosorbent assay (ELISA) by using the following kits; Dkk-1 (R&D duoset), M-CSF (R&D quantikine), and RANKL (Biomedica), OPG (R&D duoset), according to the manufacturers' instructions. To confirm consistency between assays, three control sera were used as internal controls for each ELISA plate. Initial optimization assays of the Dkk-1 assay confirmed significantly elevated concentrations of Dkk-1 in a patient with osteolytic metastatic bone disease (16,527 pg/ml).
Testing of peripheral blood osteoclast precursors
Peripheral blood mononuclear cells (PBMCs) were isolated with Lymphoprep (Nycomed Pharma, Oslo, Norway) gradient centrifugation. The cells were analyzed for the presence of osteoclast precursors with flow cytometry and culture in RANKL and M-CSF, as previously described [23] .
Osteoclast precursors arise from the CD14 + /CD11b + monocyte population [24] . The percentage of CD14 + / CD11b + cells was studied with flow-cytometry analysis of peripheral blood [12, 25] . PBMCs (10 6 cells/assay) were washed in phosphate-buffered saline (PBS) in the presence of 0.16% bovine serum albumin and 0.1% sodium azide and incubated for 30 minutes with saturating amounts of the anti-CD14-fluorescein isothiocyanate (FITC) (Dako, Carpinteria, CA) and anti-CD11b-phycoerythrin (PE) (Dako), or appropriate fluorescein-conjugated isotype control antibodies. All samples were analyzed on a FACScan by using Cell Quest Software (both from Becton Dickinson, Mountain View, CA). The percentage of CD14 + /CD11b + cells in each PBMC sample was recorded.
PBMCs (10 6 cells/ml) were placed in 24-well plates containing 1 ml αMEM with 10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 μg/ml streptomycin. Cells were incubated at 37°C in 5% CO 2 for 14 days with and without human recombinant RANKL (30 ng/ ml; Peprotech Ltd, Rehovot, Israel) and M-CSF (25 ng/ ml, R&D Inc., Minneapolis, MN). Medium was replenished every 3 to 4 days. After 14 days in culture, slides were stained for TRAP (Sigma, Poole, UK). Slides were viewed with light microscopy, and TRAP-positive cells with three or more nuclei were counted as osteoclasts by a single observer who was blinded to the clinical and radiographic characteristics of the patients. Cells were plated and counted in triplicate, and the mean value of the triplicates was recorded.
The ability of these cells to resorb bone was confirmed in parallel assays, by culturing of PBMCs in 1 ml 10% FBS-αMEM with RANKL and M-CSF for 14 days on ivory slices in duplicate (supplied by the Auckland Conservancy Office, Department of Conservation, Auckland, New Zealand). The cultured ivory slices were scrubbed, stained with toluidine blue, and analyzed for resorption pits with reflected-light microscopy. The number of pits on the entire slice was counted manually by a single observer who was blinded to the clinical and radiographic characteristics of the patients. The mean value of the duplicates was recorded.
Statistical analysis
All data were analyzed by using GraphPad Prism (GraphPad Software, San Diego, CA). Descriptive data are presented as n (percentage) or median (range). Differences between groups was analyzed with χ 2 tests and Mann-Whitney tests in the case of two groups, and one-way analysis of variance (ANOVA) (Kruskal-Wallis test) with Dunn's multiple comparison test in the case of more than two groups. Spearman's correlations were used to explore the relation between the clinical/radiographic features and laboratory results. A P value of < 0.05 was considered significant.
Results
Clinical characteristics
Of the 38 patients with PsA, 29 had at least one erosion on plain radiography (erosive), and nine had no erosions (nonerosive). Clinical characteristics of the patients with PsA, of those with psoriasis, and of healthy controls are shown in Table 1 . All groups were matched by age and ethnicity. Some differences were observed between groups. More women were in the healthy control group. Psoriasis control participants had higher PASI scores and less use of methotrexate and nonsteroidal antiinflammatory drugs (NSAIDs), compared with the PsA group. Both psoriasis and healthy controls had lower C-reactive protein concentrations than did patients with PsA. Patients with erosive and nonerosive PsA were similar, except for higher DAS28-CRP and radiographicdamage scores in the erosive group. No patients were receiving TNF inhibitors or other biologic therapy.
Soluble mediators of bone remodeling in the circulation of patients with PsA
Compared with both healthy controls and psoriasis controls, patients with PsA had higher circulating concentrations of Dkk-1 and M-CSF (Figure 1a and 1b) . No significant difference was found between the control groups and the PsA group in OPG or RANKL concentrations (Figure 1c and 1d) .
Patients with both erosive and nonerosive PsA had higher circulating concentrations of Dkk-1, compared with psoriasis controls (Figure 1e ). In contrast, only those with erosive PsA had higher M-CSF concentrations (Figure 1f ). No overall difference was noted in RANKL or OPG concentrations between the groups of patients with erosive and nonerosive PsA (Figure 1g  and 1h) .
Relation between soluble mediators of bone remodeling and patterns of bone disease in patients with PsA
In patients with PsA, M-CSF and RANKL concentrations positively correlated with radiographic-damage scores, including erosion scores, joint-space narrowing scores, and the number of joints affected by osteolysis (Table 2) . No relation was observed between Dkk-1 concentrations and patterns of bone disease in these patients. Circulating mediators of bone remodeling did not correlate with the number of joints affected by new bone formation or total hip BMD (including after the adjustment for BMI; data not shown). In patients with PsA, no relation was observed between the soluble mediators of bone remodeling and the following clinical factors: sex, creatinine, weight, presence of sacroiliitis, DAS-28-CRP, or prednisone, or NSAID or methotrexate use (data not shown).
Peripheral blood osteoclast precursors, patterns of bone disease, and soluble mediators of bone remodeling in patients with PsA
In patients with PsA, the percentage of CD14 + /CD11b + cells in peripheral blood, the number of TRAP + multinucleated cells (MNCs), and pits after culture with RANKL and M-CSF correlated with radiographic damage scores ( Table 3 ). The number of joints affected by osteolysis also correlated with the number of TRAP + MNCs and pits after culture ( Table 3 ). The number of pits strongly correlated with the number of TRAP + MNCs after culture with RANKL and M-CSF (r = 0.53; P = 0.001), but not with the total percentage of CD14 +/CD11b+ cells (r = 0.29; P = 0.09). After adjusting for the number of CD14 + /CD11b + cells, the correlation with TRAP + MNCs was no longer significant, but a persistent association was found with the number of pits in culture and radiographic damage and osteolysis (Table  3) . Large numbers of spontaneously arising bone-resorbing osteoclast-like cells were not observed in patients with PsA or in control participants in the absence of RANKL and M-CSF.
Circulating M-CSF concentrations also correlated with the percentage of peripheral blood CD14 + /CD11b + cells in patients with PsA (r = 0.40; P < 0.05), with a trend to correlation with the number of TRAP + MNCs (r = 0.33; P = 0.05). No correlation was noted between the numbers of pits after culture with M-CSF and RANKL and circulating M-CSF concentrations (r = 0.21; P > 0.05). Similarly, no correlation was observed between the other soluble mediators of bone remodeling and measures of osteoclast precursors (data not shown). 
Discussion
This study has allowed analysis of the relation between circulating factors of bone remodeling and patterns of bone pathology in PsA. The results provide further evidence for uncoupling of bone remodeling in patients with PsA. The soluble factors analyzed in this study are key regulators of bone turnover, and our data suggest that systemic expression of factors promoting osteoclastogenesis and bone loss (Dkk-1, M-CSF, RANKL) is disordered in patients with PsA.
Bone pathology in PsA may occur at a number of different sites, affecting both articular sites (erosion, osteolysis, and new bone formation) and the skeleton in a generalized manner (loss of BMD). In this study, patients with PsA were carefully characterized to identify patterns of peripheral joint bone loss and bone formation, and the relation between these patterns of bone pathology and soluble mediators of bone remodeling was analyzed. Our data indicate that the extent of bone loss at the peripheral joint is associated with elevated circulating M-CSF and RANKL concentrations, but that these factors are not associated with the extent of systemic bone loss in PsA. Furthermore, we have not identified circulating factors that are associated with peripheral new bone formation in this disease. Spinal radiographs were not obtained as part of this study, and it is possible that alterations in circulating markers of bone-remodeling factors may be associated with other forms of new bone formation in PsA, such as syndesmophyte formation in the axial skeleton. This study assessed sacroiliitis with plain radiography by using a widely recognized scoring method of established bone change. Although no relation between circulating boneremodeling markers and sacroiliitis was observed, it is possible that that inflammation of the sacroiliac joints was underestimated by using this method, compared with a more-sensitive method such as magnetic resonance imaging [26, 27] .
A key finding of this study is the elevated serum Dkk-1 concentrations with patients with PsA, compared with those in patients with psoriasis and healthy control participants. Dkk-1 has been strongly implicated in joint remodeling in inflammatory arthritis; blockade of this factor inhibits osteoclastogenesis and bone erosion in in vivo models of RA, even in the presence of persistent joint inflammation [11] . Furthermore, blockade of Dkk-1 promotes development of osteophytes in these models, indicating a role in regulation of new bone formation [11] . Elevated serum Dkk-1 concentrations have previously been reported in patients with active RA [11] . Interestingly, we have not identified a specific relation between serum Dkk-1 concentrations and patterns of bone pathology in PsA, in the form of either new bone formation or bone loss. PsA is a heterogeneous disease, and it is possible that this study was not powered to identify differences in Dkk-1 concentrations between disease subsets, which may overlap. However, these findings are consistent with a previous study of serum Table 2 Stromal cell-derived mediators of bone remodeling and bone pathology scores in patients with PsA Dkk-1 concentrations in inflammatory arthritis, which did not show an association with radiographic damage in rheumatoid arthritis (RA) (by using the Sharp score) or ankylosing spondylitis (by using the modified Stoke Ankylosing Spondylitis Spine Score (mSASSS)) [28] . The elevated serum Dkk-1 concentration in our study differs from that in the recent study of patients with inflammatory arthritis that included a small PsA group [28] . A further consideration is that serum Dkk-1 concentrations may not reflect the biologic activity of this mediator, particularly in the context of inflammatory disease [28] . Together, these observations indicate uncertainty about the role and significance of circulating concentrations of Dkk-1 in the development of bone disease in inflammatory arthritis.
M-CSF promotes macrophage survival and proliferation and is a key regulator of osteoclastogenesis [29] . This cytokine is required for culture of osteoclasts in vitro and has been strongly implicated in the pathogenesis of TNF-induced osteolysis in animal models [16, 30] . We showed that circulating concentrations of M-CSF are elevated in the patients with erosive PsA and strongly correlate with severity of peripheral erosive disease. Circulating M-CSF concentrations also correlated with the percentage of peripheral blood CD14 + /CD11b + cells in patients with PsA, but not with the number of TRAP + MNCs or the number of resorptive pits after 2-week culture with M-CSF and RANKL. These results suggest that circulating M-CSF might promote survival or release of circulating osteoclast precursor cells, rather than differentiation or activity of osteoclasts. However, it should be noted that both M-CSF and RANKL were added to the osteoclast-differentiation cultures; thus, a biologic effect of M-CSF on osteoclast development or activity in vivo cannot be excluded entirely.
The factors tested in this study are likely to have specific effects within the local joint environment, which may not be entirely reflected by circulating concentrations. For example, it has been reported that OPG expression is limited to endothelial cells below the synovial membrane within the psoriatic joint [12] ; in contrast, we did not identify reduced circulating OPG concentrations in patients with PsA or a relation between these concentrations and patterns of bone remodeling. Our data do raise the possibility that other circulating mediators, such as M-CSF or RANKL, may have a role as biomarkers to identify patients with PsA in whom progressive or accelerated joint damage will develop. One of the key aspects of biomarker development is feasibility, and measurement of soluble markers within the circulation, rather than within synovial tissue, is clearly a major advantage in this respect [31] . Prospective studies are required to validate these factors further as biomarkers in PsA [32] .
Consistent with the work of Ritchlin et al. [12] , our study also implicates RANKL in the pathogenesis of bone erosion in PsA, noting the modest correlation between circulating RANKL concentrations and measures of peripheral-joint bone loss. Furthermore, we demonstrated that the percentage of circulating CD14 + /CD11b + cells correlates with the extent of the erosive disease, and that osteoclasts arising from peripheral blood precursors have a greater capacity to resorb bone in those with more-severe erosive disease. It is of interest that circulating concentrations of both M-CSF and RANKL are associated with bone loss at a local level within the peripheral joints, but not with systemic BMD. Similar conclusions can also be made regarding the assessment of circulating osteoclast precursors. These findings imply that other factors within the local joint environment, perhaps alterations in osteoblast function or expression of proinflammatory cytokines such as TNF-α, may act in concert with these soluble mediators of bone remodeling to promote osteoclastogenesis, and, in turn, bone erosion.
Conclusions
This work has shown that systemic expression of soluble mediators of bone remodeling is disordered in PsA. Factors that promote osteoclastogenesis or inhibit osteoblast function are elevated in the circulation of patients with PsA and may contribute to periarticular bone loss in this disease. Prospective studies will be of interest to determine the role of these factors in progression of bone resorption and the effects of treatment in patients with PsA.
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